We present an experimental scheme which combines the well established method of velocity-mapimaging, with a cold trapped metastable neon target. The device is used for obtaining the branching ratios and recoil-ion energy distributions for the penning ionization process in optical collisions of ultracold metastable neon. The potential depth of the highly excited dimer potential is extracted and compared with theoretical calculations. The simplicity to construct, characterize and apply such a device, makes it a unique tool for the low-energy nuclear physics community, enabling opportunities for precision measurements in beta-and beta-delayed-neutron decays of cold, trapped, short-lived radioactive isotopes.
Excited states of noble gases harbor sufficient energy to ionize most atoms and molecules upon collision. These reactive collisional processes play a crucial role in early universe chemistry [1] , have been identified as important for the evolution of planetary atmospheres [2] , and the chemistry of cold interstellar medium [3] .
Noble gas atoms posses a long-lived metastable state which is amenable to the methods of laser-cooling and trapping [4, 5] , leading to ultracold (<mK), dense (> 10 10 /cm 3 ) samples, in which collisional processes occur predominantly in the quantum regime, where only a few partial waves contribute. However, a major difficulty arises for quantum mechanical calculations of these reaction processes, owing to the coupling of the entrance molecular channel to the ionization continuum [6] , and the highly excited nature of the reactants [7] .
An appreciable microscopic understanding of these reactions stems from an agreement between state of the art, relativistic ab initio potentials and ionization widths, and an ample, precise experimental input. Experiments investigating single or dual species ultracold collisions, usually measure trap loss and ionization rates [7] [8] [9] [10] [11] [12] , and in some occasions employ mass-spectroscopic techniques for separating the reaction products [13] [14] [15] [16] . Thus, theoretical calculations, which have many degrees of freedom, are calibrated by comparing to a single, global quantity such as a reaction cross-section or the branching ratio to an ionic species [17, 18] . However, accurate determinations of the energy distributions of electrons and ions, routinely employed for molecular beams [19] , offer a high resolution window as to the involved potential energy surfaces (Fig. 1) .
Modern determinations of charged fragments angleresolved energy distributions usually rely on two powerful techniques: Cold Target Recoil Ion Micrsocopy (COLTRIMS), reviewed in [20] , and Velocity Map Imaging (VMI) [21, 22] . The merging of these methods with laser-cooling and trapping techniques, offers substantial advantages over beam experiments and opens up new areas of research. Moreover, ultracold samples harbor FIG. 1. Schematic representation of optically assisted collisions. Ultracold, metastable neon atoms are excited by near resonant laser radiation from a weak Van-Der-Waals attraction, to a strong dipole-dipole attraction at a large internuclear distance Rc, where they accelerate until emitting a photon spontaneously. Associative ionization (AI) occurs in the dark shaded area of the difference potential and leads to electrons with energy higher than the available energy E0 = 12 eV. Penning ionization (PI) occurs in the light shaded area and leads to electrons with energy lower than E0. The lowest energy electrons, which correspond to the highest energy penning ions, result from ionization near the minimum of the difference potential and grant access to the potential depth D * ≈ .
the possibility of quantum-state preparation, and coherent control of collisional properties [23] . From a nuclear physics point-of-view, a cold, trapped, short-lived (typically τ = 0.1 − 100 s) sample, constitutes the ideal target for precision Beta- [24] , and Beta-delayed-neutron- [25] decay studies.
Owing to the aforementioned advantages, COLTRIMS has been successfully incorporated with a MagnetoOptical-Trap (MOT) target to create the so-called MOTRIMS devices [26] . Nevertheless, the cost, complexity and the level of involvement of its operation [27] , as well as the inherently low rates and efficiencies [28] , have limited the use of MOTRIMS to a few groups within the atomic and molecular physics community [29, 30] , and precluded it from being adopted by nuclear physicists.
In this letter we report a successful implementation of a simple, efficient, MOT-VMI device. Utilizing its abilities, we report precise values for penning and associative ionization (PI and AI respectively) branching ratios (BRs), as well as recoil ion energy distribution from cold, optical collisions between trapped metastable neon isotopes. From the energy distributions we extract the potential well depth of the highly excited molecular potential, and compare with ab initio calculations and similar systems.
A traditional VMI setup consists of a repeller electrode, a gridless ring electrode acting as an electrostatic lens, and a gridless, grounded ring extractor [21] . The voltage difference between the repeller and extractor, along with the size and distance of the imaging detector, sets the scale of energies to be detected. The lens voltage and shape are optimized so as to cancel the effect of the finite source size. Particles with the same momentum, emerging from different locations within the target volume are imaged to the same location on the detector. Once the dynamic range is selected, the device is optimized by fine adjustment of the lens voltage. The obtained energy resolution in most VMI setups is determined by the effective target volume, the quality of focusing and the intrinsic resolution of the detection system. For low to medium (10 eV) energy charged particles, most reported values are in the range of ∆E/E = 1−5%, which is accomplished here as well. Figure 2 , presents our adaptation of the VMI geometry to the magneto-optical-trap environment. The cooling and trapping setup includes a dynamically reconfigurable Zeeman-Slower [31] , and a state-and isotopeselective deflection stage in [32] . For merging the VMI and the MOT, we elected to use the simple, cylindricallysymmetric, three-electrode arrangement. We merged the repeller with a flight-tube for coincidence time-of-flight (TOF) detection, which also facilitates a strong background suppression. The radii and positions of various elements are optimized within the geometrical constraints of the MOT using the simulation package SIMION 8.1, to maximize the focusing capabilities for a variety of modesof-operation.
The internal energy of cold, trapped metastable neon, E * = 17 eV, exceeds the ionization potential E + of most atoms and molecules. The ionization reaction between a metastable noble atom Rg * and a molecule AB may be described schematically as:
where the excited molecule [RgAB] * autoionizes instantly to form a nascent ionic complex. The emitted electron takes most of the available energy E 0 = E * − E + , while a portion of it is deposited in ro-vibrational levels of the nascent ion. The resulting ionic complex may remain intact, in which case the entire process is called associative ionization (AI), or autoionize to a number of possible channels [33] :
These are labeled penning ionization (PI), rearrangement ionization (RI), and dissociation ionization (DI).
FIG. 3.
Mass spectrum of recoiling ions from collisions between cold, trapped, metastable neon isotopes, with one another and background gasses, at moderate vacuum. Intermediate collision complexes are indicated as (NeX) * , and the main reaction channel is indicated at the top. PI: Penning ionization. AI: Associative ionization. DI: Dissociation ionization. RI: Rearrangement ionization.
Considering both cold collisions within the trap (intratrap) and with thermal background gasses (inter-trap), all of the aforementioned reactions are present in the system. Figure 3 presents At moderate vacuum conditions, Water peaks are prominent, due to the large ionization cross section of H 2 O-Ne * , resulting from their strong attraction [34] . We checked that branching ratios (BR) for ions resulting from Ne * -H 2 O collisions are stable with changing laser power, detuning, magnetic field strength and by alternating between 20, 22 Ne. They are reported in table I, and are in superb agreement with [35] , who utilized a crossed-beam technique. In accordance with [35] , no evidence (BR< 0.1) was found for AI, indicated by the lack of NeH 2 O + ions. The trap density is many orders of magnitude higher than the background and so neon ions and dimers result solely from intra-trap collisions. In the presence of a strong, near resonant, light field, half of the atoms are in the 3 D 3 excited state, where they experience a strong attraction to the metastable 3 P 2 state, due to the resonant dipole-dipole interaction between them. In these optically-assisted collisions, portrayed in Fig. 1 , the two atoms are accelerated toward small internuclear distances where the probability of ionization is significantly larger. This process increases the collision rates by two orders of magnitude [11] .
From the mass spectrum of fig. 3 , we find that the presence of near-resonant laser increased the formation of dimers by at least a factor of two, providing strong evidence for photoassociation in cold neon collisions. This enhancement is qualitatively understood from the process portrayed in Fig. 1 , where the accelerated dimer at the potential V * (R) has a larger probability of reaching a small internuclear distance of roughly 4 a.u. where the ionic potentials V + (R) become strongly attractive, leading to positive difference potentials. The branching ratios for the creation of neon dimer ions are presented in table II, along with collision rates and compared with the results for trapped metastable helium. Previous attempts in neon traps, by [37] and [11] , which did not detect PI and AI separately, found no evidence of photoassociation.
The MOT-VMI enables high-resolution detection of the recoil energy distribution of penning ions from ultracold collisions, shown in Fig. 4 . Due to energy and momentum conservation, the energy of the ionic dimer is determined by the recoil from the 12 eV electron, and from the mass ratio is a negligible 200 µeV. Since the reactants are cold, the penning ion energy is equal to half of the missing energy of the penning electrons [39] 
Thus, it offers a high resolution window, free of the E 0 = 12 eV offset, into the quantum-governed dynamics of the penning ionization process. As shown in figure  1 , the lowest energy electrons, which correspond to the highest energy ions, result from ionization near the min- imum E 0 − of the difference potential V * − V + . Following the recipe of [40, 41] usually applied to electron spectra, and utilizing Eq. 1, /2 may be extracted in a straightforward manner from the 44% edge at the high energy side of the penning ion distribution (Fig. 4b) . To extract information on V * , we utilize the consistency between various estimations of the location of minima of V * , at R min = 6.0 − 6.5 a.u. [42, 43] , and the observation that the well-known ionic potentials do not vary substantially from zero around R min [44, 45] . Thus the well-depth of lowest potential may be evaluated directly from
The results of various determinations of D * are presented in Fig. 4c , where they are found to not vary substantially with laser detuning. This observation further indicates that most optical ionization collisions in neon occur after the spontaneous emission of a photon, in contrast with the case for He * [13] , which has a longer lived excited state.
We estimate the uncertainty of the most repulsive V + (R min ) as 10 meV resulting from the uncertainty in R min and conclude that the deepest potential depth for Ne
utilized a multiconfiguration valence-bond method to calculate these potentials at short range ab initio [43] . They report that the deepest attractive potential, labeled 1 ∆ σ , has a well-depth of D * = 437 meV, which is in grave this agreement with our finding. This discrepancy is to some extent resolved when considering approximate short-range potentials based on Na 2 stats developed by [42] , where the inclusion of spin-orbit interactions increased the well-depths by roughly 300 meV. Our result is compared with similar collisional systems in table III.
To conclude, we successfully implemented a simple, versatile MOT-VMI device, and demonstrated a few of its applications by conducting precise measurements of branching ratios and energy spectra of recoil ions emerging from inter-and intra-trap collisions. The branching ratios for ionizing process in metastable neon colliding with water molecules are in superb agreement with those measured in crossed-beam experiments and may be beneficial for advancing the understanding of the penning ionization processes in planetary atmospheres [2] . Through the increase in the branching ratio for associative ionization in the presence of the trapping laser, we find long sought evidence for photoassociation processes in noble gasses other than helium. Utilizing the imaging capabilities and a fast and simple inversion scheme, we obtain the energy distribution of recoil neon ions from cold optical collisions within the trap. The well-depth of the lowest, highly excited molecular potential, is extracted, and disagrees with nonrelativistic ab initio calculations, demonstrating the dramatic effect of spin-orbit coupling, and the necessity of including relativistic effects in ab initio calculations of highly excited molecular potentials. The simplicity of construction, operation, and data analysis of the MOT-VMI makes it a compelling new tool for investigations of reactive processes in ultracold chemistry, and coherent control of the outcome of ionizing collisions [23, 46, 47] .
Our entire system is located above the beamline of the Soreq Applied Research Accelerator (SARAF) [32] , and we intend to utilize the MOT-VMI for precision measurements of recoil ions from the beta-decay of short-lived neon isotopes, in serach for new physics in the weak sector of the standard model [48] . 
